he discovery of parity-time (PT) symmetric Hamiltonians by Bender and Boettcher has allowed the physics community to see the behaviors of non-Hermitian systems in a new light 1 . In that pioneering work it was found that a broad class of complex Hamiltonians can exhibit altogether real eigenvalue spectra provided they respect the parity-time symmetry [1] [2] [3] [4] [5] . Another intriguing consequence of such PT-symmetry condition is the possibility for an abrupt symmetry breaking phase transition, beyond which the spectrum ceases to be entirely real and starts to become complex, once a parameter controlling the degree of non-Hermiticity exceeds a certain critical threshold value [4] [5] [6] [7] [8] . The real experimental studies came about only recently after realizing that optical systems can provide a fertile ground where PT-symmetric concepts can be implemented and directly observed [4] [5] [6] [7] [8] [9] [10] . What facilitates this possibility is the formal equivalence between the quantum Schrödinger equation and the optical wave propagation equation (under paraxial approximation), where the gain-loss parameters are responsible for introducing the non-Hermiticity into the systems. Based on this isomorphism, one can easily show that a necessary (yet not sufficient)
condition for the PT-symmetry condition to hold is that the real part of the complex potential (or refractive index distribution) must be an even function of the position while its imaginary counterpart (in optics corresponding to the gain/absorption) must have a spatially antisymmetric (or odd) profile 4, 7 . In recent years, significant progresses have been made on both theoretical and experimental fronts concerning a variety of optical PT-symmetric systems that simultaneously engage gain and loss processes in a balanced fashion 9-29. These studies have unveiled a number of interesting phenomena such as unidirectional invisibility [18] [19] [20] [21] [22] , non-Hermitian Bloch oscillations 9, 10 , perfect laser absorbers 25, 26 , optical solitons 27 , and non-Hermitian manifestations of topological insulators 28 in PT-symmetric optical configurations. More recently, an "exceptional ring" effect is also reported in a Dirac cone setting analogous to the gain-loss structure in T   3 refractive indices of the coherently-prepared atomic medium. The resonant standing-wave coupling field propagating along the z direction is responsible for establishing the optically induced lattice in the transverse direction x. By launching the signal field into the lattice, we can observe discrete diffraction patterns 35 , as well as the underlying spatially modulated susceptibility, under the electromagnetically induced transparency (EIT) condition 36 . Our results clearly indicate that, by adding on another pair of pump fields (to form a standing wave), periodic gain and loss regions with high contrast can be generated for the launched signal field. The induced spatially periodic PT-symmetric optical lattice (with periodic even refractive index and odd gain/loss profiles) can be produced by properly tuning the pertinent experimental parameters, such as atomic density, the periodicities of the standing waves, and the frequency detunings & Rabi frequencies of the laser fields. The manifestation of the spontaneous PT-symmetry breaking phenomenon is directly observed by monitoring the change in relative phase difference between the gain and loss channels/waveguides. This is accomplished by interfering the signal beam passing through the atomic medium with a reference beam in the y direction. Our experimental observations can be explained well through the numerical simulations.
Results
Figure 1(a) schematically depicts the experimental setup. The signal field and two sets of standing-wave fields propagating along the same z direction interact with an N-type four-level 85 Rb atomic system (see Fig. 1 with a Gaussian intensity profile propagates through the two sets of optical lattices, as shown in Fig. 1(c) . Its diffraction pattern is monitored at the output of the cell. By properly adjusting the parameters of this four-level coherent atomic system, active Raman gain, one of the most important requirements for implementing PT symmetry in an atomic system, can be generated on the signal field. 31, 34 As a result, desired periodic gain and loss profiles are obtained after the signal beam passing through these two partially-overlapping optical lattices. The signal beam with periodic gain-loss profiles is then interfered with a Gaussian reference beam (injected in the y direction) to measure the induced phase difference between the gain and loss waveguides/channels. The reference beam originates from the same ECDL as the signal field E s and does not propagate through the medium. It is introduced into the optical path via a 50/50 beam splitter to intersect with the E s beam at the CCD (charge coupled device) camera (see Fig. 1 (a)), which is used to monitor both the output signal beam and the phase difference. respectively, and the spatial-shift distance d between the two lattices can be carefully adjusted to effectively control the real and imaginary parts of the susceptibility experienced by the signal field.
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The standing-wave pump field By spatially modulating the intensities of coupling fields, the real (dispersion) and imaginary parts of the refractive index experienced by the signal field are spatially modulated as a function of the transverse coordinate x under EIT condition in the -type subsystem |1|3|2. In addition, the imaginary part can be alternately positive (absorption) and negative (gain) along x direction with the spatially intensity-modulated pump fields turned on. We use the density-matrix equations under the rotating-wave approximation to model the four-level atomic configuration and numerically solve for the density-matrix element  31 (therefore the susceptibility ) corresponding to the signal field under steady-state condition 5 is defined as (2N 13 / 0 E s ) 31 , where N is the atomic density,  ij (i, j1, 2, 3, 4) is the dipole momentum between |i|j,  0 is the permittivity of vacuum and E s is the amplitude of the signal field. With the susceptibility written as i and nn 0 n R in I 1/2 (n 0  being the background index of the medium), the real and imaginary parts of the refractive index are then given by n R /2 and n I /2, respectively. which is mathematically isomorphic to the Schrödinger equation:
Here the electric field envelope can be written as
where E j (x) represents the eigenmode field profile in each waveguide element and A j (z) denotes the corresponding modal amplitude in this channel. Based on Eqs. (1) and (2), one can then write down a coupled-mode (tight-binding) set of equations from which the complex band structure can be predicted.
Figures 2(e) and (f) depict the real and imaginary components of this band structure under the aforementioned conditions. In this case, one can show that in a system of 10 waveguide elements, an exceptional point (at which the PT symmetry breaks) exists at B/2 0.284, where  is the coupling coefficient between the adjacent waveguides and B represents the shift in the propagation constant due to coupling. With the simultaneous presences of gain and loss in this coupled system, the relative phase difference between the gain and loss waveguides can take values from 0~ with changing B/2 16 . In principle, infinitely many coupled waveguides can be considered. Here however, we consider a lattice with 10 waveguide channels, an arrangement that is large enough while at the same time can be readily implemented in our experiment. Numerical simulations indicate that the breaking threshold decreases as the 6 number of the coupled waveguides increases. More information is provided in the Supplementary Information. Formation of the optical lattices with alternative gain-loss waveguides. In the experiment, we first set a periodical refractive index modulation based on the EIT technique (with the signal and standing-wave coupling beams) 37 and then establish the periodical gain-loss profiles (by adding the pump-field lattice), both along the x direction. With the Gaussian-shaped signal beam (as shown in Fig. 3(a) ) first launched into the coupling lattice (as the pump fields blocked), we observe the corresponding discrete diffraction patterns that manifest the periodic modification of the signal-field refractive index in the Doppler-broadened EIT-medium. Such discrete diffraction patterns can be observed within a frequency detuning window of about 50 MHz near the two-photon resonance satisfying  s  c 0 35 . With the signal-field detuning set to be near the D1 line having a blue detuning of 100 MHz relative to the 5S 1/2 , F=35P 1/2 , F=3 transition of 85 Rb, the diffraction image shown in Fig. 3 The presence of the coherent pump-field lattice can provide amplification for the signal field without a population inversion ( 11  33 ). With the two sets of lattices turned on concurrently, we can simultaneously induce gain and loss regions with a high and controllable contrast for the signal beam with spatially modulated coupling-and pump-field intensities, which can be achieved by carefully modifying the displacement d between the two induced optical lattices (see Fig. 1(c) ) and other experimental controlling parameters. As shown in Fig. 3(c) , two adjacent channels in the lattice experience alternative gain and loss, which can be determined by comparing the intensity profile of the signal beam before its interaction with the 8 medium, as given in Fig. 3(a) . Figure 3(d) demonstrates the evolution of the gain/loss ratio as a function of the pump-field detuning  p -showing a sensitive dependence. The theoretical prediction (solid curve) based on our numerical calculation agrees well with the experimental observations (squares). Figures 3(d1) and 3(d2) present the observed gain and loss intensity profiles at  p 30 MHz and 10 MHz, respectively. The gain/loss ratio in Fig. 3 (c) reaches near unity, i.e. a balanced gain and loss between neighboring waveguides, which is required for achieving exact PT symmetry in such coupled waveguide lattice system 7 .
The phase difference between the gain and loss channels. The manifestation of PT symmetry in the current atomic system can be established by looking at the relative phase difference  between the gain and loss channels, which can only be observed under the high-contrast gain/loss condition. With the distance between the adjacent fringes of the reference interference (as shown in Fig. 4(a) ) defined as 2, no phase difference is detected between the gain and loss channels when the gain is zero (as shown in Fig. 4(b) ).
However, a relative phase difference is produced even when the system is operated below the PT-symmetry can determine whether the system is operated below or above the PT-symmetry breaking threshold as indicated in Fig. 4(h) , and therefore the expected phase difference value. In principle, even if a coupled-waveguide lattice system has an unbalanced gain-loss profile ( G / L 1), it can still be mathematically transformed into a PT-symmetry-like configuration by using a gauge transformation 9 pattern is simply offset with respect to the original zero line 39 . In fact, the dynamical behaviors of the PT-symmetry system and its quasi-PT-symmetry counterpart can be essentially identical in the unbroken PT-symmetry phase. However, for the broken PT-symmetry case, there will be different dynamics between the quasi-PT-symmetry system and the exact PT-symmetry one. 
Conclusions
In summary, we have experimentally demonstrated PT-symmetric optical lattices with controllable gain/loss ratio in a coherently-prepared four-level N-type atomic system. The required index modulation and the antisymmetric gain/loss profiles are introduced by exploiting the modified absorption (or EIT) and induced active Raman gain processes in the N-type system. Due to the large available parametric spaces, the refractive index and gain/loss profiles of the two sets of the atomic lattices can be easily tuned/controlled and reconfigured in this four-level atomic configuration. The presence of a well-defined exceptional point (or breaking-phase threshold) was experimentally verified by observing the abrupt change of relative phase difference between the gain and loss channels. Our experiment suggests that atomic systems can provide a new platform where one can study and observe a variety of PT-symmetric properties, including double refraction, power oscillations, eigenfunction unfolding, and nonreciprocal diffraction patterns, all resulting from intriguing beam dynamics in such non-Hermitian optical lattices 7 .
Methods
Experimental setup. There exist three interference patterns in the current experiment. First, the coupling beams E c and E c  (with vertical polarization) from the same continuous-wave diode laser (ECDL2) are coupled by two polarization beam splitters (PBSs) and intersect at the center of the vapor cell to establish the first interference pattern in the x direction, namely, the standing-wave coupling field. The half-wave plates placed in front of the corresponding PBSs can adjust the powers of E c and E c . Second, the two pump beams 
